The unicellular photosynthetic cyanobacterium, able to survive in varying environments, is the only prokaryote that directly converts solar energy and CO 2 into organic material and is thus relevant for primary production in many ecosystems. To maintain the intracellular and intrathylakoid ion homeostasis upon different environmental challenges, the concentration of potassium as a major intracellular cation has to be optimized by various K + uptake-mediated transport systems. We reveal here the specific and concerted physiological function of three K + transporters of the plasma and thylakoid membranes, namely of SynK (K + channel), KtrB (Ktr/Trk/HKT) and KdpA (Kdp) in Synechocystis sp. strain PCC 6803, under specific stress conditions. The behavior of the wild type, single, double and triple mutants was compared, revealing that only Synk contributes to heavy metal-induced stress, while only Ktr/Kdp is involved in osmotic and salt stress adaptation. With regards to pH shifts in the external medium, the Kdp/Ktr uptake systems play an important role in the adaptation to acidic pH. Ktr, by affecting the CO 2 concentration mechanism via its action on the bicarbonate transporter SbtA, might also be responsible for the observed effects concerning high-light stress and calcification. In the case of illumination with high-intensity light, a synergistic action of Kdr/Ktp and SynK is required in order to avoid oxidative stress and ensure cell viability. In summary, this study dissects, using growth tests, measurement of photosynthetic activity and analysis of ultrastructure, the physiological role of three K + transporters in adaptation of the cyanobacteria to various environmental changes.
Introduction
Cyanobacteria are widespread photosynthetic prokaryotes found in a range of marine, fresh and brackish water environments. Since cyanobacteria are considered as an ancestor of the chloroplast in plant cells according to symbiogeneses (CavalierSmith 2000) , they are used as a practical model of chloroplasts. Cyanobacteria are of great importance from an ecological, economic and evolutionary point of view by significantly contributing to molecular oxygen production and nitrogen fixation, and by influencing chemical cycling, ecology and water quality. These prokaryotes, also called blue-green algae, harbor a photosynthetic apparatus similar to that found in higher plants, and Synechocystis sp. strain PCC 6803, whose genome has been completely sequenced (Kaneko et al. 1996) , is widely used as a genetically modifiable model organism for the study of this pivotal process on the Earth. In addition, cyanobacteria are also emerging as organisms for metabolic engineering in order to produce hydrogen from water (Rogner 2013) . While today considerable information is available in general about the physiology of cyanobacteria in the context of photosynthesis (for a recent review, see, for example, Nelson and Junge 2015) and osmotic stress (for a review, see, for example, Hagemann 2011), much less is known about how potassium transport systems affect these processes and how they contribute to the response of the cells upon various environmental stress. K + is the most abundant intracellular cation in most bacteria, and a general property of bacteria is the activation of K + uptake systems by an increase in the osmolarity of the extracellular medium. Indeed many organisms cope with osmotic stress by accumulating solutes and ions that increase the osmolality of the cytoplasm and thus contribute to retain water while minimally interfering with protein function. In this context K + acts as a cytoplasmic "signaling molecule", activating and/or inducing enzymes and transport systems that allow the cell to adapt to elevated osmolarity. In order to supply K + ions to the cytoplasm, K + transporting systems allow the uptake of this ion across the plasma membrane (PM) from the external environment. In general, in plants, K + uptake transport systems can be divided into three groups, namely (i) K + channels; (ii) Trk/Ktr/ HKT transporters (some HKTs are actually transporters with selectivity for sodium over potassium); and (iii) Kup/HAK/KT transporters (see, for example, Durell et al. 1999 , Maser et al. 2001 , Dreyer and Uozumi 2011 , Dreyer 2014 , Hamamoto et al. 2015 . In addition, the Kdp system, typical of prokaryotes, can be distinguished. (e.g. Epstein 2003 , DominguezFerreras et al. 2009 ). The K + channel, and the Kdp and the Trk/ Ktr/HKT transport systems, which probably evolved from simple two-spanning membrane proteins, display structural similarity. On the other hand, a relationship of Kup/HAK/KT transporters to them has not been reported and the Kup/HAK/ KT structure seems to be different from that of the abovementioned transporters (Sato et al. 2014) .
During the last decade, the molecular basis of potassium uptake in cyanobacteria has started to be elucidated. Genes known from other bacteria to encode potassium transporters as well as genes coding for putative potassium channels have been identified in the genome of Synechocystis sp. strain PCC 6803. Three main protein classes related to K + transport have been identified by bioinformatics means . The genome of Synechocystis harbors genes coding for a series of the subunits of the Kdp-type transport system, and their expression-regulatory two-component system (Nanatani et al. 2015) . The Kdp transport system is a well-conserved high-affinity K + transport ATPase, which has been characterized extensively in Escherichia coli. KdpA (slr1728) binds and translocates potassium, while KdpB is the catalytic subunit which hydrolyzes ATP (Ballal et al. 2007) . A second system present in cyanobacteria is the Na + -dependent K + uptake system KtrABE composed of subunit A (sll0493) and the potassium-translocating subunit B (slr1509). An indication of the function of the KtrA and KtrE subunits has also been obtained: co-expression of both KtrA and KtrE together with KtrB was required for full K + transport activity and susceptibility to stimulation by Na + . In the absence of KtrA and KtrE, KtrB retained low K + uptake activity that was Na + independent when expressed in E. coli . As to the third class of transport system, no Kup homologs exist in cyanobacteria.
By developing and characterizing Synechocystis mutants, we and other groups have previously concluded that KtrABE has a major role in K + uptake as well as in adaptation to high-osmolarity stress (Berry et al. 2003, Matsuda and Uozumi, 2006) while KdpABC contributes to K + uptake in low K + media (Berry et al. 2003 , Nanatani et al. 2015 . More recently, a comparative analysis of single and double knockout (DKO) mutants lacking both K + translocating subunits KtrB and KdpA allowed distinct roles of the potassium transporters to be defined in the model cyanobacteria Synechocystis (Nanatani et al. 2015) : while Kdp contributes to the maintenance of a basal intracellular K + concentration at the low extracellular K + concentration occurring in natural environments, Ktr at higher external potassium mediates fast potassium movements which are required for initial cell volume recovery after hyperosmotic shock. It has to be also mentioned that we provided evidence that KtrB-mediated K + uptake across the PM depends on the proton motive force and not on the sodium motive force (Matsuda and Uozumi 2006) . Proton pumping and the sodium motive force are crucial in determining the resting membrane potential in bacteria, but the K + gradient across the cell membrane is also expected to contribute to the membrane potential (Martinac et al. 2008) . In summary, we concluded that both Ktr and Kdp co-ordinate the responses of cyanobacteria to changes in K + levels under fluctuating environmental conditions, albeit via distinct activities.
In addition to the above-mentioned potassium transporters, several putative potassium channels that can mediate potassium flux according to the electrochemical gradient of this ion have been identified by bioinformatic means in cyanobacteria . Among these, the activity of an inward rectifying potassium channel homolog, KirBac6.1, was characterized: the growth rate of Synechocystis PCC6803 lacking KirBac6.1 (slr5078) was slightly reduced with respect to wildtype (WT) cells and the authors proposed that this channel might contribute to the low-affinity K + uptake system in the cyanobacteria (Paynter et al. 2010) . The typical PM voltage in cyanobacteria is around -200 mV and this represents a huge electrical driving force for the entry of cations into the cytoplasm, allowing an accumulation of K + up to 1,000-fold through channels and low-affinity diffusion pathways . Our groups have proved ion channel function and gained information about the physiological function of two other proteins, SynK (slr0498) (Zanetti et al. 2010 , Checchetto et al. 2012 and SynKCa (sll0993) , voltage-and calcium-dependent potassium channels, respectively. While the latter protein, located in the PM, was not involved in the regulation of the osmotic response or photosynthesis but its absence confers resistance to the heavy metal zinc (Zn), the former channel, SynK, was found in both the PM and in the thylakoid membrane. The physiological role of the PM-located SynK is still unclear. Based on analysis of photosynthetic parameters and measurement of proton gradient generation across the thylakoid membrane during photosynthesis in WT and knockout cyanobacteria, we proposed that SynK-mediated potassium flux from the thylakoid lumen vs. the cytoplasm counterbalances proton influx to the lumen and thus permits optimization of photosynthesis. This regulatory mechanism seems to be evolutionarily conserved as the thylakoid-located Arabidopsis AtTPK3 channel was proved to play a similar role ). In addition, AtKEA3, a thylakoid-located K + /H + transporter, also regulates photosynthesis in Arabidopsis thaliana (Kunz et al. 2014) . Interestingly, the circadian expression of Kdp and Ktr was shown to reach the highest values at dawn, suggesting that these transporters might also be involved, by ensuring K + uptake, in the regulation of photosynthetic metabolism in cyanobacteria (Nanatani et al. 2015) . The involvement of the Ktr system in the regulation of photosynthesis has also been strongly suggested by other observations (Matsuda et al. 2004, Matsuda and Uozumi 2006) . In particular, the presence of Na + outside the Synechocystis cell is required for bicarbonate (HCO 3 -) transport (i.e. CO 2 entry which is necessary for the assimilation phase of photosynthesis) mediated by the SbtA HCO 3 -uptake transporter (Shibata et al. 2002) . In turn, HCO 3 -uptake was found to be severely inhibited by mutation of ktrB (formerly named ntpJ). It is thus likely that SbtA-mediated HCO 3 -uptake is coupled to K + uptake via Ktr and that the dependency of HCO 3 -uptake on the presence of Na + is a result of the Na + requirement for Ktr functions (Matsuda et al. 2004) .
Thus, the existence of multiple K + uptake systems in Synechocysits PCC 6803 suggests a specialized but also concerted action of the distinct systems in the environment with changing light irradiation and salinity stress. The distinct function and physiological role of Ktr and Kdp in K + uptake and osmoregulation of Synechocystis PCC 6803 have been elucidated, but the relative contribution of the main K + uptake systems and of the SynK potassium channel to the regulation of stress responses as well as of photosynthesis and metal resistance is still unexplored. Although a detailed study to understand the contribution of KirBac6.1 with respect to the other potassium uptake system would be equally of interest, in this work we first focused on the SynK channel since this channel is linked to the regulation of photosynthesis as well. Thus, the main purpose of the present work is to investigate the above issue by comparing single, double and triple mutants lacking the Ktr and Kdp potassium transport systems in order to gain further insight into the physiological roles of cyanobacterial potassium transporters and channels.
Results and Discussion
Construction of a triple mutant lacking KtrB, KdpA and Synk For our studies, we took advantage of the construction of multiple mutations of K + transport system genes in Synechocysits PCC 6803, as previously described for the generation of synKdeleted (Checchetto et al. 2012 ) and the kdpA/ktrB-less double knockout (DKO) (Nanatani et al. 2015) Synechocystis strains. For this work, we generated a triple knockout (TKO) lacking all three proteins. The TKO mutant was obtained by inserting a chloramphenicol resistance cassette into the Synechocystis genome, at the EcoRV site around the center position of the SynK slr0498 open reading frame (ORF). Fig. 1A illustrates the strategy used for the construction of the TKO starting from the DKO genetic background. Insertion of the chloramphenicol resistance cassette in the correct position of the genomic DNA was verified by PCR (Fig. 1B) . Complete segregation of the recombinant chromosomes was achieved in the TKO strain, and the cells were able to grow on plates with 50 mg ml À1 chloramphenicol. Fig. 1C shows the lack of SynK protein in the triple mutant strain as assessed by Western blot using a specific anti-SynK antibody (Zanetti et al. 2010) .
These four strains, namely WT, ÁSynK [single knockout (SKO)], ÁKdpAÁKtrB (DKO) and ÁSynKÁKdpAÁKtrB (TKO) were grown in parallel on the same Petri dish under different conditions in order to compare their behavior directly under photoautotrophic (without glucose) and photoheterotrophic conditions. The widely used spot tests starting from cultures with different initial optical density (OD) values were used, and in all experiments cells were grown at the optimal light intensity of 20 mmol photons m -2 s -1 (except when studying the effect of light). Photographs were taken after 5 d of growth. The experiments were repeated several times for each condition (from three to seven times) giving similar results (for an example of the quantification of spot intensities, to illustrate reproducibility, see Fig. 1D ). Chl fluorescence analysis was also employed in order to evaluate the photosynthetic efficiency of the four strains under different conditions (an example is reported in Fig. 1E) . Mean values from 3-5 independent experiments ± SD values are shown in all figures.
Growth tests and comparison of photosynthetic efficiency under different light conditions
Given the proven role of Synk and the suggested role of Kdp and Ktr systems in the regulation of photosynthesis, we grew the cells at different light intensities in both the absence and presence of 5 mM glucose. As can be seen in Fig. 2 , from the images that are representative of 3-5 independent biological replicates yielding the same results, at the very low light intensity (5 mmol photons m -2 s -1
) in the absence of glucose, none of the lines gave visible spots after 5 d of culture while in the presence of the external carbon source, i.e. added glucose, the strains grew and behaved in a comparable manner. The same tendency was also seen for the cells cultured at 20 mmol photons m -2 s -1 light intensity, but at higher light intensities differences were visible. In particular, under the high-light condition (500 mmol photons m -2 s -1 light intensity), which causes photo-oxidative damage, the differences in growth were evident. In accordance with our previous results (Checchetto et al. 2012) , growth of the single SynK-less mutant was significantly impaired. Interestingly, the DKO strain also suffered in this condition, and the TKO did not grow at all, even in prolonged culture for 10 d after spotting (not shown). The phenotype was even more visible under photomixotrophic growth conditions (i.e. in the presence of glucose) in accordance with the idea that photo-oxidative stress is particularly strong under this condition (e.g. Kobayashi et al. 2005) . Next, we measured the photosynthetic efficiency taking advantage of the powerful Chl fluorescence imaging system which is particularly useful for assessment of differences amongst different organisms both for cyanobacteria and algae (Schreiber et al. 2007 ) as well as for higher plants (e.g. Rousseau et al. 2015) . In accordance with the growth phenotype shown in Fig. 2A , the F v /F m (variable/maximal fluorescence) value, which is a Chl fluorescence parameter giving information about the efficiency of PSII, significantly decreased in the ÁSynK and in the TKO mutant with respect to the WT already at 50 mmol photons m -2 s -1 light intensity (Fig. 2B ). As shown in Fig. 1E , the F v /F m values were comparable for the same strain, independently of the original OD at which they were spotted and also independently of the Chl concentration. However, in some cases, for example in the case of the cells grown under the highest light intensity where severely reduced intensity of the spots was detected, reliable measurements could not be performed. The values obtained using the PAM imaging system were in accordance with the F v /F m values determined using the classical dual-PAM ) was inserted at the unique EcoRV site in the sequence of the synK gene (slr0498). The resultant plasmid was used for the inactivation of synK in the Synechocysits PCC 6803 ÁkdpDktr double mutant through homologous recombination. The correct insertion of the Cm r was verified by PCR using primers 1 and 2. (B) Agarose gel electrophoresis of analytical PCR amplifications performed on genomic DNAs strains: (1) molecular mass marker (1 kb ladder, Promega); (2) wild-type DNA; (3) ÁKdpAÁKtrBÁSynK #1; (4) ÁKdpAÁKtrBÁSynK #2. (3 and 4 are from different clones). All genomic DNAs were amplified with the primers described in the Materials and Methods. (C) Whole-cell cyanobacterial lysates from the WT and the TKO strain were loaded (at equal OD 730 nm ) on an SDS-PAGE gel with urea and blotted with anti-SynK antibody as in Zanetti et al. (2010 , we investigated the different components of the photosynthetic chain. Western blot shown in Fig. 2C indicates that while the quantity of PSI in relation to the total protein content was unaltered, PSII was slightly down-regulated in the SKO and in the TKO, as shown by the specific decrease of the D1 protein of this photosystem. These changes were already detectable at 50 mmol photons m -2 s -1 (Fig. 2C ) but became more evident when cells were cultured at higher light intensity (Fig. 2D) .
Overall, the experiments presented in Fig. 2 confirm our previous results regarding ÁSynK but also highlight the importance of the other two potassium uptake systems for the regulation of photosynthesis under high-light stress. The exact mechanism by which these transporters contribute to the regulation of photosynthesis remains to be defined, but our previous findings demonstrated the ability of both the Kdp and Ktr systems to mediate uptake of potassium when expressed in the K + uptake-deficient E. coli strain LB2003. Thus, it is reasonable to hypothesize that lack of these two transporters induces a reduced K + uptake in the DKO strain, in accordance with the observation that growth of the ÁktrB ÁkdpA strain in a K + -depleted medium was almost completely abolished (Nanatani et al. 2015) . In turn, what has been described earlier is that omission of potassium from the growth medium causes multiple metabolic changes including the loss of photosynthetic pigments and impairment of photosynthetic functions in the cyanobacterium Anabaena torulosa (Alahari and Apte 1998) . An alternative explanation is offered by the recently discovered role of SbtA in the repair cycle of photosystem components upon high-light treatment at a light intensy of 500 mmol photons m -2 s -1 (Vass et al. 2014) . It is well known that high-intensity light damages the D1 and D2 reaction center proteins of PSII, and repair requires de novo protein synthesis and assembly of a functional reaction center complex following degradation of the damaged subunits. Inhibition of CO 2 fixation was shown to cause a decreased rate of PSII repair due to the accumulation of reactive oxygen species (ROS) which inhibit the synthesis of D1 and PSII proteins (Takahashi and Murata 2005) . Given the above-mentioned regulation of SbtA by KtrB, it cannot be excluded that the DKO and TKO strains are highly sensitive to high-light stress because of their reduced ability to take up CO 2 via SbtA, which in turn affects photodamage-induced repair of the photosystems. This hypothesis could not be tested on the SKO, DKO and TKO mutants grown at 500 mmol photons m -2 s -1 because of the strong inhibition of growth of all these three strains. However, in those cultured at 200 mmol photons m -2 s -1
, the relative quantity of D1 with respect to PSI components was halved in the SKO and TKO strains but was only slightly lower in the DKO mutants (see the legend of Fig. 2D ). This finding suggests either that the mechanism involving SbtA comes into play at very high intensity light intensity (500 mmol photons m -2 s -1 ) or that the growth arrest of the DKO mutants is independent of variations in the photodamage-induced repair of the photosystems.
Physiological roles of SynK, KdpA and KtrB under salt and osmotic stress conditions
As mentioned above, in the absence of external potassium, the strain lacking Kdp and Ktr systems does not grow. We confirmed this result as shown in Fig. 3A , and explored here for the first time whether the SynK channel might also have an impact on growth under this condition given its localization in the PM in addition to the thylakoids. No growth deficiency was visible in the absence of potassium (the pH of K + -depleted BG11 medium was adjusted using NaOH instead of KOH), indicating that SynK is not involved in the uptake of potassium across the PM. On the other hand, SynK, similarly to the Ktr system, might be involved in salt stress due to a high concentration of potassium or sodium, or in the response to the osmotically active sorbitol. Results reported in Fig. 3B-D , however, clearly show that SynK does not significantly impact growth under these conditions, strongly suggesting that it is not involved in protection of the cells against salt and osmotic stresses. In agreement with previous work in different bacteria (for a review, see, for example, Wood 2006), Kdp and Ktr systems play an important role in osmo-adaptation and both DKO and TKO strains showed impaired grow at 0.5 M NaCl and at 3 M sorbitol (Fig. 3B, D) . Note that the growth of the DKO and TKO was completely blocked (Fig. 3B) even after 10 d of culture (not shown), further proving the importance of the Ktr transport systems in osmoprotection against NaCl in the freshwater cyanobacterium Synechocystis PCC 6803 (Matsuda and Uozumi 2006) . Interestingly, when salt stress was provided by 100 mM KCl in the medium, the DKO mutant suffers especially when grown without glucose, while the lack of SynK seems to confer protection to a certain extent, even in the TKO strain (Fig. 3C) .
It is known that when extracellular osmotic pressure decreases or increases, water fluxes across the membrane lead to concentration or dilution of the cytoplasm, resulting in disruption of cell structure and function. Cells respond by actively adjusting the distributions of selected solutes, including K + , across the PM. As mentioned above, the Ktr system is mainly responsible for recovery from hyperosmotic shock. When comparing the growth of the WT and ÁsynK in normal BG11 medium vs. BG11 supplemented with 0.5 M NaCl, there is a slightly decreased growth in the latter case (Fig. 3B) . This behavior might be ascribed to the inhibition of photosystem function as observed by the Murata group Murata 2008, Allakhverdiev et al. 2000) . A decreased potassium accumulation in the DKO and TKO probably leads to diminished sodium efflux since the two processes seem to be related (Berry et al. 2003) . Potassium, sodium and osmotic (e.g. sorbitol-induced) stress seem to activate distinct pathways, as previously assessed by Kanesaki et al. (2002) and Marin et al. (2003) , thus it is possible that SynK plays a specific role in response to high external K + concentration. Further work is required to prove this hypothesis and to understand whether Ktr is under the control of one of the four histidine kinases (Hik16, Hik33, Hik34 and Hik41) which are suggested to perceive and transduce salt signals. SynK expression, however, should not depend on these kinases, since they have been shown specifically to mediate response to sodium salts, and SynK does not significantly impact the response to NaCl (Marin et al. 2003) . Interestingly, expression of a chloride channel-encoding gene (sll1864) was found to be enhanced 6-fold in response to salt stress in another work, but the role of this channel via generation of mutants has not been studied to our knowledge (Kanesaki et al. 2002) . Unfortunately, none of the above K + transport systems and channels have been identified in DNA microarray studies, most probably due to an overall low expression level.
Effect of external pH on growth of K + uptake system-deficient mutants
As mentioned above, we have previously shown that K + uptake via the Ktr system depends on the proton motive force across the PM rather than on the sodium motive force, since the protonophore carbonylcyanide m-chlorophenylhydrazone (CCCP) and the ATPase inhibitor N,N 0 -dicyclohexylcarbodiimide (DCCD) both decreased Ktr-mediated K + uptake (Matsuda and Uozumi 2006) . H + ions are extruded to the medium due to the H + -ATPase in the PM, but Na + /H + antiporter activity also contributes to setting of Ám H+ , and lightinduced H + extrusion also occurs. Amiloride, which inhibits the Na + /H + antiporter, results in a decreased influx of H + via the antiporter, as a consequence of a greater proton gradient across the membrane and of a larger K + uptake via the Ktr system. Changing the external pH from neutral to acidic has been shown to result in an increased proton permeability, i.e. influx of protons according to the electrochemical gradient across the cytoplasmic membrane (Torrecilla et al. 2000) . Thus, we postulated that extracellular acidification decreases the proton motive force in the PM, causing (similarly to CCCP) a decrease of K + influx. Gating of SynK, which contains a noncanonical voltage sensor domain and shows membrane voltage dependence when expressed in mammalian cells (Zanetti et al. 2010) , might depend on the PM potential, which, in turn, is expected to be altered at acidic or basic pH outside of the cells.
Therefore, we tested here the growth of the four strains at pH values that are different from the most widely used pH 8.2. Fig. 4A illustrates that, in accordance with our expectation, growth at acidic pH set with MES (as in Kurian et al. 2006 ) is almost completely abolished only in the DKO and TKO cell lines under both photoheterotrophic and photoautotrophic conditions, suggesting that under these conditions PM-located SynK failed to take over the function of Ktr-mediated K + uptake. The fact that photosynthetic efficiency is not diminished in the DKO strain (Fig. 4B ), yet the cells fail to grow, suggests that the lack of growth is linked to potassium uptake and not to damage of photosystems. In contrast to pH 6.0, at alkaline pH all four lines grow (Fig. 4A) . The SKO and the TKO lines reproducibly showed a slightly decreased growth with respect to the WT and the DKO, suggesting that Kdp/Ktr systems are not prevalently involved in response to alkalinization (Fig. 4A) . Given that drastic differences have not been observed under this condition, these samples were used to investigate the ultrastructure of the four strains. As can be seen in Fig. 4C , the ultrastructure of the membranes was comparable in all four strains, indicating that lack of the potassium transport systems studied here did not cause major alterations in membrane organization with respect to the WT at alkaline pH, in agreement with the growth test. At the acidic pH value used here, Synechocystis WT are able to survive, in agreement with previous work showing that cyanobacteria undergo an adaptation to this pH (Huang et al. 2002) . Our data suggest that the Kdp/Ktr systems might be important for this adaptation. Other studies have also identified active K + uptake as a major means of regulating internal pH when the external pH becomes acidic in various other bacteria (e.g. Kroll and Booth 1983, Nakamura et al. 1992) . Regarding the response to alkaline environment, the Na + /H + and K + /H + antiporters rather than K + uptake systems were proposed to be involved in the regulation of intracellular pH in prokaryotes (Kroll and Booth 1983, Padan and Schuldiner 1987) . Alkaline pH in freshwater systems can occur and is thought to be linked to high levels of photosynthesis, which decreases dissolved CO 2 levels, resulting in raised pH (Billis et al. 2014) . Synechocystis have been shown to acclimate to alkaline pH, and different studies identified response mechanisms including up-regulation of Na + /H + antiporters, deaminases, ATP synthase, water channel protein, a large conductance mechanosensitive channel, a putative anion efflux transporter, a hexose/proton symporter and ABC transporters of unidentified substrates (e.g. Summerfield and Sherman 2008, Billis et al. 2014) . However, occurrence of changes in ultrastructure in those studies was not investigated. Our results suggest that the acclimation to alkaline pH does not bring about changes in membrane organization.
Differential response of the mutants to calcium and to heavy metals
We have recently reported that lack of a calcium-dependent potassium channel of cyanobacteria encoded by the ORF sll0993 (SynCaK) conferred and increased resistance to Zn, while the channel was not involved in the response to calcium and osmotic stress ). Here we studied whether the cells become more resistant or more sensitive to calcium and to heavy metals in the absence of the above potassium transport systems. Calcium at a concentration of 10 mM and even more so at 50 mM seems to be rather toxic to the WT Synechocystis (Fig. 5A) , as proven also by the low F v /F m Fig. 3 Lack of K + transport systems has different effects on the osmotic and salt stress response (A) Growth of Synechocystis wild type, the ÁSynK single mutant (SKO), th eÁKdpAÁKtrB double mutant (DKO) and the ÁKdpAÁKtrBÁSynK triple mutant (TKO) spotted onto K + -depleted BG11 medium, the pH of which has been adjusted using NaOH instead of KOH. In (A-D) cells were grown at 20 mmol photons m À2 s À1 light intensity at 30 C. (B) The same as in (A) but the medium contained 0.5 M NaCl and K + ions of BG11 (pH was values with respect to that observed at the same light intensity without calcium (Fig. 5B) . Interestingly, while the cells support the lack of SynK or of KtrB/KdpA separately, when all three systems are missing the cells are not able to grow at all, especially at the higher calcium concentration (50 mM). When comparing the ultrastructure of the WT and the TKO grown for 10 d with 10 mM calcium chloride added (not shown), it can be observed that both strains are characterized by abnormal structure (Fig. 5C) .
The external calcium concentration, carbonate saturation state and availability of dissolved inorganic carbon seem to be important factors contributing to the cyanobacterial calcification process. Indeed, a Ca 2+ /H + exchanger SynCax and the Na + /HCO 3 -co-transporter SbtA have been shown to play a role in calcification and precipitation of CaCO 3 (Jiang et al. 2013 ) which occurs in the exopolysaccharide sheath (EPS) or proteinaceous surface layer (S-layer) that surrounds the cells (Jansson and Northen 2010) . During calcification, microenvironments of alkaline pH are generated at the EPS or S-layer, depending also on photosynthetic electron transport, since CO 2 uptake is driven by the proton motive force generated from photosynthetic PSI electron transport as reported for the case of Synechococcus sp. PCC7942 (Tchernov et al. 2001) . Alkaline pH, in turn, shifts the equilibria of the bicarbonate buffer system and promotes an increase in CO 3 2-concentrations, causing CaCO 3 precipitation at the cell exterior. Our tentative explanation for the observation that the triple mutant characterized in this study is particularly sensitive to calcium is that the Kdp/Ktr system might be important in relation to its ability to impact SbtA function while SynK affects photosynthetic efficiency. Addition of 10 mM calcium to the growth medium led to an abnormal structure (Fig. 5C) , similarly to what has been observed in another study upon culturing Synechocystis for 2 months with 9 mM calcium (Han et al. 2013) . The nature of the highly electrondense abnormal structures we observed here is unknown, but may correspond to calcium-containing inorganic precipitates (e.g. calcite; Han et al. 2013) .
Given the importance of heavy-metal-induced toxicity in aquatic environments, next we tested whether resistance of cyanobacteria can be altered by deleting the above potassium transport systems. As in other organisms, cyanobacteria need metal ions, including copper (Cu) for cytochrome oxidase and plastocyanin function and Zn for RNA and DNA polymerases and for CO 2 assimilation proteins. These metals, however, can become toxic when occurring in excess, most probably due to the toxic replacement of the cognate metal cofactor of diverse metalloenzymes, a phenomenon that leads to oxidative stress (Stohs and Bagchi 1995) . Cyanobacteria are frequently challenged by a relatively high concentration of these metals as well as by cadmium (Cd), aluminum (Al), cesium (Cs) and mercury (Hg) as environmental pollutants (Cassier-Chauvat and Chauvat 2015) .
While deletion of Kdp/Ktr did not significantly affect growth and/or photosynthetic efficiency, by addition of Zn, Cu and Cd the strain lacking SynK exhibited a slight growth defect and a significant decrease in photosynthetic activity of PSII (Fig. 6A) . For our study we employed sublethal concentrations of the metal ions that have been tested in previous studies: 4.3 mM Zn 2+ (see Barran-Berdon et al. 2011 , 0.3 mM Cu 2+ (Giner-Lamia et al. 2012 ) and 1.5 mM Cd 2+ (Toth et al. 2012 , Houot et al. 2007 , Chen et al. 2014 . After 5 d of culture, we observed that already at these relatively low concentrations, lack of SynK confers sensitivity to various metals. As shown in Fig. 6B , the photosynthetic efficiency is significantly reduced in the SynKless strains with respect to the WT, both cultured in the presence of heavy metals. Since both alteration of photosynthetic electron flux (e.g. due to the lack of SynK; Checchetto et al. 2012 ) and heavy metals can induce oxidative stress, we investigated whether reactive ROS formation is enhanced in the SynK-less strain with respect to the WT. To this end, we applied the oxidant-sensing fluorescent probe 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (DCFH-DA), which has previously been used with success to detect the ROS level in in the cyanobacterium Anabaena variabilis PCC 7937 (Rastogi et al. 2010) . Our results, presented in Fig. 6C , indicate that SynK-less SKO and TKO cyanobacteria produce ROS to a higher extent with respect to the WT when challenged with heavy metals even when grown at low light intensity, in accordance with the spot growth test. It should be noted that all three mutants also produced a slightly higher basal level of ROS with respect to the WT, even in the absence of heavy metal stress. Although there was a clear ROS increase upon heavy metal treatment in SKO and TKO cells, a strict correlation between the measured ROS level and growth in the presence of the various metals could not be obtained. Therefore, it is possible that, similarly to mammalian cells, bypassing a certain ROS threshold is sufficient to decrease growth. In addition, factors other than ROS may also contribute to the toxicity of heavy metals.
As mentioned above, the lack of SynK, which has been shown to be required for generation of an optimal ÁpH across the thylakoid membrane during photosynthesis, leads to lightinduced oxidative stress (Checchetto et al. 2012) . On the other hand, metal ions can cause an oxidative stress comparable with that triggered by H 2 O 2 in WT cyanobacteria, and application of 50 mmol photon m -2 s -1 together with Cd applied in the mM range was previously shown to have a more severe effect than Cd alone (Houot et al. 2007) . It is well known that even moderate light can promote oxidative stress and ROS formation under stress conditions (Falk et al. 1995) . It has been proposed that Cd 2+ can produce ROS in the presence of light by blocking the electron transfer chain because of the limitation of CO 2 fixation and the increased excitation pressure on PSII (Toth et al. 2012) . This, in turn, can induce the production of ROS (e.g. Vass 2012 , Nath et al. 2013 ) which then might lead to the impairment of photosynthesis. Altogether, our results suggest that the stress caused by the lack of SynK and metal ions in the SKO and the TKO strains led to increased oxidative stress even at permissive light conditions, causing impaired photosynthesis and a decreased growth rate. The fact that heavy metals induce their toxic effect via oxidative stress is also indicated by global proteomic and transcriptomic studies which highlight an upregulation of defense systems against ROS (Qian et al. 2010 , Chen et al. 2014 . It would be interesting to investigate in future studies whether SynK expression/ Mean values from 3-6 independent experiments ± SD are shown. (C) ROS production was measured as described in the Materials and Methods. DCF fluorescence was detected using a spectrofluorimeter. For analysis, the integral area of the spectra between 510 and 550 nm was calculated for each condition and function is under the control of regulatory pathways that have been identified to contribute to heavy metal resistance (Houot et al. 2007 , Chen et al. 2014 , Huertas et al. 2014 , Cassier-Chauvat and Chauvat 2015 .
In summary, in the present work, we addressed the question of how specifically the main K + transport systems so far described in Synechocystis contribute to environmental stress response. Our work reveals that interestingly, all three systems are important for high-light-induced stress response as well as for resistance to high concentrations of calcium. On the other hand, only Synk seems to contribute to heavy-metal-induced stress but not to osmotic and salt stress adaptation, in which Ktr/Kdp plays a crucial role. Regarding pH shifts in the external medium, the Kdp/Ktr uptake systems seem to play an important role in the adaptation to acidic pH. The results obtained using various methods highlight the importance of all three transport systems for the above stress responses and prepare the ground for further studies regarding mechanistic aspects. Fig. 7 summarizes the results of this study.
Materials and Methods

Construction of Synechocystis mutant strains
For generation of the Synechocystis SKO mutant, an SpeI-BstXI fragment, corresponding to the central portion of the slr0498 sequence and including the coding region for the pore, was deleted and substituted by the kanamycin resistance gene (kan r ) (Checchetto et al. 2012) . The Synechocystis DKO mutants were produced as described in Nanatani et al. (2015) . In brief, the gene encoding KdpA was disrupted by the insertion of a spectinomycin resistance gene into the kdpA gene in the ktrB disruption mutant. The transformants were grown on BG11 solid medium supplemented with spectinomycin (20 mg ml -1 ) and buffered at pH 8.0. Deletion of SynK in the kdpA/ktrB disruption mutant was obtained by insertion of a chloramphenicol resistance gene (Cm r ) cassette into the synK gene. The Synechocystis TKO mutants were produced as follows: the blunt-ended Cm r was inserted at the unique EcoRV site in the middle of the synK gene (slr0498). The resultant plasmid was used for the inactivation of synK in the Ákdp Áktr Synechocysits PCC 6803 double mutant through homologous recombination (Nanatani et al. 2015) . The correctness of the insertion was controlled by PCR using Primer 1_(5 0 -GCGGGGTTAATGTACTTGGTGCTGG-3 0 ) and Primer_2 (5 0 -GCCAAGGATCATCACCTTCCTCGTC-3 0 ).
Growth assays
Synechocystis sp. strain PCC 6803 and mutant cells (SKO, DKO and TKO) were maintained at 30 C under white light in BG11 medium supplemented with 10 mM TES/KOH (pH 8.2). Solid medium consisted of BG11 medium buffered at pH 8.2/KOH, 1.5% agar and 0.3% Na 2 S 2 O 3 Á5H 2 O. Under photoheterotrophic growth conditions, bacteria were cultured in the presence of 5 mM D-glucose. Sugar was sterilized by filtration (filters with pore size 0.25 mm; Millipore Corp.) and was added to the culture media.
In the mutant cultures, antibiotics were included in the medium. The SKO was grown with 50 mg ml -1 kanamycin (Checchetto et al. 2012) , the DKO in 20 mg ml -1 kanamycin and 20 mg ml -1 spectinomycin (Nanatani et al. 2015 ) and the TKO in 20 mg ml -1 kanamycin, 20 mg ml -1 spectinomycin and 50 mg ml -1 chloramphenicol. For liquid cultures, the agar and thiosulfate were omitted and the cultures were continuously shaken. For growth assaysm the Synechocystis strains were grown in classical liquid BG11 medium for 48 h without glucose and without antibiotics. Exponentially growing cells were harvested by Fig. 7 Schematic representation of the role of the SynK channel and of Ktr and Kdp potassium transport systems in Synechocytsis. While Kdp and Ktr systems are responsible for the potassium uptake across the plasma membrane, SynK allows exit of counterbalancing K + from the thylakoid lumen during photosynthesis. The putative ATPase (KdpB) helps the function of KdpA. The figure also shows the possible coupling between the Ktr system and the SbtA HCO 3 -transporting system. The PM-located SynK does not seem to play a crucial role in the uptake of potassium into the cells. See text for further details. Fig. 6 Continued all data were normalized with respect to the WT cultured without heavy metals. Normalized mean values ± SD with respect to the WT (value is indicated as 1) are shown from five independent replicates. As a positive control, 5 mM methylviologen was used, giving a 14-fold increase in the control WT sample, using the same experimental system. centrifuging at 3,000 r.p.m. (ALC Centrifuge, model PK130) for 8 min, resuspended in fresh BG11 medium and then spotted onto solid BG11 media.
For the preparation of medium at different pH values, we used 10 mM of the following buffers: pH 6.2 with MES and pH 10.2 with CHES. For the low potassium condition, we prepared the BG11 medium buffered at pH 8.2 using NaOH and not KOH. For the calcium, potassium, sodium and metal conditions, solid BG11 medium contained the specific salts at the concentration indicated in the text. Different intensites of illumination were used as indicated in the text. In all conditions for each strain, we spotted 20 ml at different OD 730 nm .
Measurement of F v /F m
The measurement of F v /F m was carried out in vivo, directly on the Synechocystis spots grown on an agar plate with the FluorCam FC 800MF (Photon Systems Instruments). The plates were dark-adapted for 1 h before each measurement. To measure the QY_max, we used saturating pulses of 7,200 mE m -2 s -1 for 800 ms.
SDS-PAGE and immunoblot analysis
Proteins were separated by 10% SDS-PAGE in the presence of 6 M urea. For immunodetection, proteins were transblotted onto a polyvinylidene difluoride (PVDF) membrane and decorated with anti-SynK antibody at 1 : 2,500 dilution or anti-D1, anti-PsaA antibodies (as previously described in Checchetto et al. 2012) in blocking solution (1% milk) for 2 h. A horseradish peroxidase-coupled anti-rabbit IgG (KPL) was used as the secondary antibody, and the blot was developed by using the enhanced chemiluminescence system (Pierce).
Transmission electron microscopy
Cyanobacteria were fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 and embedded in 10% gelatin. Samples were post-fixed with a mixture of 1% osmium tetroxide and 1% potassium ferrocyanide in 0.1 M sodium cacodylate buffer for 2 h at room temperature and incubated overnight in 0.25% uranyl acetate at 4 C. After three washes with water, cells were dehydrated in a graded ethanol series and embedded in an epoxy resin (Sigma-Aldrich). Ultrathin sections (60-70 nm) were obtained by using an Ultrotome V (LKB) ultramicrotome, counterstained with uranyl acetate and lead citrate, and viewed with a Tecnai G 2 (FEI) transmission electron microscope operating at 100 kV. Images were captured with a Veleta (Olympus Soft Imaging System) digital camera.
ROS detection
ROS formation was measured by using the cell-permeable probe DCFH-DA. DCFH-DA is hydrolyzed by cellular esterases to form the non-fluorescent 2 0 ,7 0 -dichlorodihydrofluorescein (DCFH) after penetrating into the cells, and then DCFH is immediately transformed to highly fluorescent 2 0 ,7 0 -dichlorofluorescein (DCF) when oxidized by intracellular ROS and other peroxides. The working solution of DCFH-DA was prepared in 100% ethanol at a concentration of 5 mM and kept at -20 C in the dark. The probe solution was always freshly prepared. ROS formation was determined after exposure of the cells to heavy metals for 3 d. Some experiments were performed after 3 h, giving similar results (not shown). The cells were cultured in BG11 medium buffered at pH 8.2/KOH supplemented with 5 mM glucose at 20 mmol photons m -2 s -1 of light, in the presence or absence of heavy metal. After 3 d, the cells were diluted to 0.5 final OD 730 nm and they were incubated with 5 mM (final concentration) of the probe on a shaker at room temperature in the dark for 1 h. The fluorescence of DCF was measured with a spectrofluorophotometer (Varian Cary Eclipse Fluorescence Spectrophotometer) with an excitation wavelength of 485 nm and an emission band between 500 and 600 nm. For analysis, the integral area of the curves between 510 and 550 nm were calculated for each condition and data were normalized with respect to the WT cultured without heavy metals. 
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